The developmental asymmetry of fission yeast daughter cells derives from inheriting "older Watson" versus "older Crick" DNA strand from the parental cell, strands that are complementary but not identical with each other. A novel DNA strand-specific "imprint", installed during DNA replication at the mating-type locus (mat1), imparts competence for cell type inter-conversion to one of the two chromosome replicas. The biochemical nature of the imprint and the mechanism of its installation are still not understood. The catalytic subunit of DNA Polymerase  (Pol) has been implicated in the imprinting process. Based on its known biochemical function, Pol might install the mat1 imprint during lagging strand synthesis. The nature of the imprint is not clear: it is either a nick or a ribonucleotide insertion. Our investigations do not support a role of Polin nicking through putative endonuclease domains but confirm its role in installing an alkali-labile moiety as the imprint. A detailed genetic and molecular analysis reveals a direct role of the Cdc23/Mcm10 primase activity in installing the imprint in cooperation with Pol and Swi1.
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INTRODUCTION
In Schizosaccharomyces pombe, the mating-type region comprises three loci located on chromosome II: mat1M or P, mat2P and mat3M (Fig. 1A) . The mat1 cassette is expressed and it dictates the Plus or Minus sex/cell type to the cell. The mat2P and mat3M cassettes, which are transcriptionally silenced by an epigenetic mechanism, function as master copies for switching mat1. Switching occurs by highly regulated recombination through transposition/substitution of the mat1 allele with the opposite mating-type information, copied from either mat2P or mat3M cassettes [1] [2] [3] [4] . The mating-type switching process is exquisitely regulated in very interesting ways. First, of the four "granddaughter" cells derived from a single cell, only one cell switches in nearly 90% of pedigrees [2, 5, 6] . This pattern results from asymmetric cell division occurring in each of the two consecutive generations in the progeny of a single cell. The switching program is initiated by a novel "imprint," that is installed in specific DNA strand during replication of the mat1 locus on chromosome II [1, 2] . In the following cell division, the imprint consummates into a switch but only in one of the sister chromatids during mat1 replication. The mat1-switching event removes the imprint. The mat1 locus in the chromosome is replicated only in one direction.
Chromosomal inversion of the mat1 "cassette" abolishes imprinting, which is partially restored by genetic manipulations promoting mat1 replication in the opposite direction [7] . Thus, replication of a specific mat1 strand specifically by the lagging-strand replication complex is critical for generating the imprint. The imprinting process requires three genes [8] : swi1 [9] , swi3 [10] and swi7/pol [11] . Mechanistically, Swi1 and Swi3 create a replication pause at the imprint site. They also block replication forks originating from the centromeric side of mat1 [9] . The single swi7-1/polimprinting-deficient mutant, however, shows a normal pause and normal replication fork block, and is, therefore, defective at some other undefined step in imprinting pathway [9] .
However, the nature of the imprint remains unresolved; it is thought to be either a site-and strand-specific nick [12] or an alkali-labile, RNase-sensitive modification, consisting of one or two ribonucleotides incorporated in mat1 DNA [7, 13, 14] . The imprint creates a DNA fragile site, which is artifactually converted into double-strand break (DSB) due to hydrodynamic shear when extracting DNA from cells [7, 12] . Therefore, the imprint level is usually determined by quantifying the DSB at mat1 through Southern blot analysis.
The swi7 gene, encoding the catalytic subunit of Pol is inherently required much more often inthe lagging-than the leading-strand DNA synthesis during chromosome replication [11] . The biochemical role of Pol/Swi7 in generating the imprint has remained elusive. This is because it encodes a gene which is essential for viability, thus limiting its analysis; only one allele, swi7-1/polmapping to the carboxy-terminal region (G1116E) of the catalytic subunit of Polis known to affect imprinting [11] . Notably, the imprinting event occurs only on the newly synthesized lagging strand during S phase [15] . Since the Polα/Primase complex can synthesize and extend an RNA moiety on DNA template, Pol/Swi7 is a plausible candidate for installing the imprint in the form of ribonucleotide(s) insertion at mat1, through the primase subunit. Alternatively, Pol-catalyzed DNA nicking may constitute the imprint [12] .
RESULTS AND DISCUSSION

Pol catalytic subunit does not play a direct role in Imprinting
This work was initiated to determine whether the catalytic subunit of Pol may be directly involved in generating the imprint in the form of a nick at the mat1 locus. It was shown earlier that the DNA prepared by the normal method causes hydrodynamic shearing resulting in conversion of a nick into double strand break at the imprint site [12] . As a result the mat1 HindIII fragment of 10.6kb is split into two bands of 5.6 and 5.0kb (Fig. 1B, 1C ). According to this study, preparation of the DNA in agarose plugs avoids the hydrodynamic shear and mat1 DNA shows a nick in the top DNA strand as the putative imprint [12] . Assuming that Pol may act as an endonuclease, we analyzed the sequence of Pol for the presence of endonuclease motifs and found motifs similar to the putative intein endonuclease [16] [17] [18] and restriction endonucleases [19] (Expanded View, Fig. EV1A-D) . We investigated whether these motifs play a role in imprinting. However, we found that the plasmids containing the mutated pol gene complemented the swi7-1 mutation, ruling out a role of Pola as an endonuclease (Expanded View, Fig. EV1A-D) . Surprisingly, we found that a catalytically dead version of PolD984N mutant)which is unable to extend the RNA primers synthesized by the Pol-primase subunit [20] , was actually proficient in restoring the imprint (detected as DSB using DNA prepared by the normal method) when transformed into swi7-1 mutant. The mutant plasmid did not complement the imprinting defect in the swi1 and swi3 mutants [Expanded View; Fig. EV2A ].
As we were unable to identify any endonuclease function of Pol in explaining the DNA nick, we considered the alternative possibility that the imprint may be due to the presence of ribonucleotide/s in the DNA chain, which is detectable as an alkalilabile bond [7] . Indeed, a break was indicated by a broad band at the putative imprint site, at 5.0-5.6kb region, in Southern blots of alkali-treated plugs of DNA digested with HindIII [Expanded View; Fig. EV2B (Fig. EV3B) , the level of imprint/DSB was affected in these mutants to an extent similar to the wt strain when cultured at semi-permissive growth temperature of 34 o C (Fig. EV3C) . Thus, these data do not support a role of the Pol-primase subunit in mat1 imprinting. However, the extremely low rate of switching in the spp1-4 mutant at 34 o C may be due to lower efficiency of utilization of the imprint for switching, as observed earlier in case of swi2, swi5 and swi6 mutants [8] .
Other Mcm components do not play role in imprinting
Our findings indicated a role of DNA replication initiation in imprinting. Because of a reported primase-like function of Cdc23/SpMcm10, we next investigated the efficiency of switching and mat1 imprinting of cdc23 mutants ( Fig. 2A) . Previous structure-function analysis of Cdc23 has revealed three functional domains: Pol-interaction domain, zinc domain and putative primase domain, having similarity to the bacteriophage T7 gene 4 primase ( Fig. 2A) 3A) . Surprisingly, a primase proficient mutant E586A also failed to complement the switching defect (Fig. 3A) . Analysis of DNA prepared by conventional method paralleled the complementation data ( we tested for the primase activity of the purified recombinant GST-tagged Cdc23.
Results showed that GST-Cdc23 does possess primase activity when assayed by measurement of the amount of pyrophosphate released due to the primase activity( Fig. 3D ). Taken together, these results confirmed the primase function of Cdc23 from S.
pombe and identified a novel function of Cdc23 primase in imprinting, a result consistent with the possibility of ribonucleotide(s) constituting the imprint moiety.
Genetic and biochemical Interactions of Cdc23 with Swi1, Swi3 and Swi7
Pol physically interacts with Cdc23 [30-32]. Since both cdc23 and swi7-1/polα mutants are defective in imprinting, we tested genetic interaction between their mutations. The double mutant showed much reduced sporulation efficiency, indicating reduced rate of switching on minimal medium at 30 o C (Fig. EV5A ). This result indicated that both these factors are required at different steps in imprinting. Surprisingly, unlike the single mutants, the double mutant failed to grow on rich media at 30 o C (Fig. EV5C ).
We also investigated genetic interactions of cdc23 mutant with swi1 and swi3 mutants in switching and viability. Interestingly, cdc23-M36 mutant showed cumulative effect on switching efficiency in combination with swi1 and swi3 mutants on minimal medium at 30 o C (Fig. EV5B ), suggesting that Cdc23 and Swi1/Swi3 may act at different steps of imprinting. The double mutants of cdc23 with swi1 and swi3 mutants also showed synthetic lethality on rich medium at 30 o C (Fig. EV5D) . The discrepancy between growth on minimal medium and lack of growth on rich medium at 30oC is surprising. It may reflect that the double mutants affect some important physiological function during vegetative growth but not during starvation. (Fig. 4D ).
Interestingly, co-immunoprecipitation experiments also showed that Cdc23 interacts with Swi1 but not Swi3 in vivo (Fig. 4E, 4F ). Thus, Cdc23 may also act at a common step involving Swi1 and Pol.
Our study was initiated to address the mechanism of action of catalytic subunit of DNA Pol in strand-specific imprinting at the mat1 locus in S. pombe, which imparts competence to switch cell type in the following cell division [1, 2] . Swi1 and Swi3 function to produce replication pause at the imprint site [7, 9] and at a centromereproximal replication termination sequence [36] . While Swi1 and Swi3 play an important but indirect role by providing a paused replication fork to promote imprinting, the enzymatic activity catalyzing the imprint was not known. Given its role in lagging strand synthesis [11, 37] , we investigated whether the catalytic subunit of Pol plays a direct role in imprinting.
As the imprint is either a nick [12] or 1/2 ribonucleotide insertion [7] , our initial investigation addressed the possibility of Polα causing a nick. We discounted this How imprinting is caused uniquely at mat1 locus remains a puzzle. One possibility is that nucleotide sequence and unique DNA/nucleoprotein architecture at the mat1 locus lead to a Swi1-and Swi3-dependent pause at the imprint site. This pause may facilitate localization of Cdc23 and Pol to persist at the imprint site long enough to synthesize a 2-ribonucleotide primer, which is then extended by the catalytic subunit of Polduring the elongation stage of DNA replication (Fig. 5) . In addition, a weakened interaction of mutant Cdc23 with Pol  protein might also cause reduced sequence specificity to install the imprint. Indeed, multiple break sites have been reported on both strands distal to the imprint site at the mat1 locus in the swi7-1 mutant [40] . It was proposed that Pol swi7-1 may not be able to guide the endonuclease to the correct site [40] . In light of the present results, we suggest that the mutant Pol swi7-1 may cause multiple ribonucleotide insertions near the imprint site, creating fragile sites, which lead to DNA cleavage during DNA preparation. Recently, lysine-specific demethylases Lsd1
and Lsd2 proteins have also been shown to control replication pause at mat1 to facilitate efficient imprinting [41] . In sum our results suggest that Cdc23 plays a more direct role in imprinting than the previously described factors.
Strand-specific incorporation of ribonucleotides as a part of asymmetric DNA replication contributing to generation of developmental asymmetry of sister cells appears to be a unique process [4] . This apparent uniqueness may be because searching it requires knowing the locus that is differentially modified on one of the sister chromatids leading to a specific asymmetric cell division during development in metazoans. We recently reported that such a mechanism of asymmetric cell division indeed operates in evolutionarily distant yeast, Schizosaccharomyces japonicus [42] .
Widespread incorporation of ribonucleotides has indeed been reported during mitochondrial DNA replication [43] . Recently, a low level of ribonucleotide incorporation by both Pol and Pol has been demonstrated [44] , raising the possibility of ribnucleotide insertion in DNA during differentiation or to facilitate recombination [45] . Similarly, fragile sites existing in mammalian genome occur predominantly in ATrich sequences with a potential to form stem-loop structures, and are generated by the inhibitors of DNA synthesis that compromise replication by Pol [46] . Interestingly,
Mcm10 plays an important role in mammalian development-its mutation causes defective embryonic cell proliferation and lethality in mice [47] . Interestingly, the primary defect occurs during morula to blastocyst stage when the inner cell mass (ICM)
is formed, which ultimately produces different organs of the body. Thus, Mcm10 may play a role in cell differentiation during mammalian development. Thus, it would be interesting to investigate the role of primases in generation of DNA fragile sites, the incorporation of ribonucleotide insertions at these sites and their possible role in asymmetric cell differentiation during development in metazoans.
Materials and Methods
Strains and plasmids. The list of strains, plasmids and oligos used in this study are provided in Tables EV1, EV2 and EV3, respectively (Expanded View). Media and growth conditions employed were as described [49] . The per cent switching efficiency was determined by using Southern hybridization. DNA was prepared by the normal method as described earlier [49] .
DNA samples, isolated from yeast cells were digested HindIII endonuclease, were subjected to agarose gel electrophoresis, followed by Southern blotting and hybridization, as described earlier [11] . Alternatively, DNA was prepared from cells embedded in agarose plugs and subjected to restriction endonuclease digestion and alkali treatment as previously described [7] . The 10.6kb mat1M-containing HindIII fragment was used as a probe for Southern analysis. For experiments sown in Fig. EV2 , donor deleted strain was used which only contains the mat1 locus, while mat2 and mat3 loci have been deleted [51] . Normally the level of DSB is expected to be ~25of mat1 DNA signal when DNA is prepared by the conventional method. However, observe a higher level of ~35%, which may be ascribed to partial shearing of the mat1 DNA during preparation. Further, the level of DSB observed in alkali blots is around 10-12 % of mat1 DNA. The 2-3 fold difference between the two methods of DNA preparation can be explained by the fact that the DSB fragments observed in blots of alkalitreated plugs detect only the imprinted strand due to single strand being cleaved while in case of DNA prepared by the normal method both strands are detected as the mat1 DNA is subjected to DSB.
Iodine vapours-staining procedure of colonies used for quantifying switching efficiency. vapours, when exposed to iodine vapours, efficiently switching colonies stain black in colour while those of reduced switching mutants stain lighter [49] . This procedure was used to test complementation of switching defective mutants.
Primase Assay. Primase activity of Cdc23 was assayed according to et al. [48] . by primase assay was assayed according to [49 ] . Arcangioli, 1998 Single strand nick 
